Drying induced cracking of concrete surfaces and repair layers is a common problem. A principal cause for this type of cracking is the moisture and resulting contraction gradient that develops in the cement paste matrix upon drying. This phenomenon has been experimentally quantified in unconfined hardened cement paste samples using a fluorescent resin impregnation technique. The effects of sample thickness and drying method on surface crack density and crack penetration depth are reported and explained. Finite element modelling of moisture gradients indicate the important role of the film coefficient in desiccation cracking of unconfined samples. The critical thickness for samples to remain crack-free upon drying was in the range of 2-5 mm depending on drying method. In thicker samples a crack spacing doubling process was observed that is in agreement with theoretical predictions.
I. INTRODUCTION
Polygonal fracture patterns due to desiccation (drying) shrinkage occur commonly in natural and man-made materials such as clay, wood, paint and cement-based materials. Desiccation cracking has been well studied in materials under external confinement, such as suspension systems on a restraining substrate (e.g., [1] [2] [3] [4] ) or concrete in restrained shrinkage tests (e.g., [5] [6] [7] [8] ). In this paper we study unconfined hardened cement paste samples that crack upon drying solely due to the development of moisture/contraction gradients. It is well known that externally unconfined cement paste cracks upon drying [9] [10] [11] , but very few quantitative experimental data exist for this particular case. An understanding of how sample thickness and environmental parameters affect surface microcrack densities in cement paste helps to predict the degree of microcracking of drying concrete surfaces such as pavements and bridge decks. Surface (micro)cracks accelerate the ingress of chloride ions that may cause corrosion of the reinforcement bars [12, 13] . Pre-existing surface (micro)cracks may also accelerate deterioration of concrete surfaces by traffic loading [14, 15] or freeze/thaw and salt scaling [16] .
There are a number of characteristics associated with desiccation cracking in unconfined solids: (i) Since cracks are caused by a moisture/contraction gradient there must be a critical sample thickness and a critical drying rate below which the gradient is too small to cause cracking [10] . (ii) Desiccation cracks in unconfined solids reach a specific maximum depth (Z max ) relative to the specimen thickness [9, 11, [17] [18] [19] (Fig. 1) . (iii) Theoretically models predict that the evolution of a global contraction gradient will lead to a crack spacing and crack depth doubling process in unconfined or 'half-space' specimens [19] [20] [21] [22] [23] [24] [25] . A system of parallel cracks forms perpendicular to the free surface with a specific initial spacing (Fig. 1) . On the drying surface these cracks are not actually parallel but form cellular patterns. The deeper the cracks grow into the material, the more they interact. At some critical point only every second crack continues to grow since intermediate cracks become 'shielded' by their neighbours. This doubling process may repeat itself a number of times depending on the system specifics and will lead to a crack depth distribution diagram with two or more peaks. The mathematics of the crack-doubling theories is similar for the cases of drying and cooling [21] . In the first case moisture transport and drying shrinkage gradients control the process, while in the latter one it is governed by heat transport and thermal contraction gradients. Crack spacing doubling has been experimentally observed in the case of thermal shock in certain materials [26, 27] . In this paper we investigate if crack spacing doubling also occurs in the case of drying of unconfined cement paste samples. Plain hardened cement paste was studied to avoid the effect of aggregates on crack propagation or even the initiation of cracks by aggregate-restraint that may occur in cementitious composites such as concrete [28, 29] . The desiccation crack-patterns were recorded by using a fluorescent resin impregnation technique [28] . The following experimental variables were studied: (i) sample thickness, (ii) drying rate; and (iii) single-sided vs. double-sided drying.
In addition to studying the fundamental aspects of desiccation cracking in unconfined samples, a more practical motivation of this study was to find out how to avoid or reduce desiccation cracking during drying of small samples of hardened cement paste. Dried, crack-free samples are needed for measuring the effect of moisture content or relative humidity on mechanical properties, such as strength, elasticity, creep and pure drying shrinkage of hardened cement paste. This paper reports critical crack-free sample thicknesses for different drying conditions.
II. METHODS

A. Sample preparation
All samples consisted of ordinary Portland cement (CEM I 52.5R) with an added water-cement weight ratio of 0.5. The cement pastes were thoroughly mixed and cast into steel moulds of 30 x 30 x 15 mm. A total of 200 samples were prepared from 15 cement paste batches. The filled moulds were vibrated for 1 min to remove mixing air-bubbles. The moulds were sealed and stored for 24 h at 20
• C. At an age of 24 h, the samples were taken out of the moulds, their weights measured, and placed in an aqueous solution for 27-29 days. The aqueous solution was a calcium saturated solution to prevent Ca(OH) 2 -leaching from the samples. The average sample moisture absorption during 27-29 days wet-curing was 0.033 g/cm 3 , which was 80% of the ultimate absorption measured after 4 months. After 27-29 days, samples were carefully ground to thicknesses in the range 1-14 mm (see Table 1 ) on grit-120 grinding paper in a Ca-saturated brine. Due to compaction of the pastes before solidification, a small density gradient existed in the sample. Thinning of the samples was always done by grinding the sample side that was the top surface in the mould (i.e., the low density side). The sample surfaces were finished by fine-grinding on grit-1000, grit-2400, and grit-4000 grinding paper. The samples were 0-30 µm thinner than the thicknesses shown in Table 1 , and the thickness variation within single samples was ±10µm.
Average effective w/c-ratios of 0.417 and 0.434 for the 2 mm and 14 mm thick samples, respectively, were calculated on basis of a cement density of 3.12 g/cm 3 , sample volume, and sample weight minus water absorption. At the top of 2 mm and 14 mm samples the w/c-ratio was on average 0.7% and 4.8% higher, respectively, than at the bottom. The average Youngs modulus of the saturated cement paste was measured to be 12.5 GPa at the age of 28 days.
B. Drying experiments
Different drying methods were used to induce desiccation cracks (Table 1) . Samples were dried either from a single side or from two opposed sides. In order to create these single-sided (ss) or double-sided (ds) drying samples, the samples were first taken out of the water and surface dried in a conditioning room at 95% relative humidity (RH). Subsequently, all sides except the drying surface(s) were sealed by two layers of adhesive tape. A climate chamber (Voetsch VC4060) with circulating air at 26 ± 3% RH and 20 ± 0.2
• C was used to dry samples. The RH dropped below 30% within 5 min after placing samples in the chamber and closing the door. The temporal and spatial precision of RH control in the chamber was 1-3%. The average and standard deviation of the measured RH during all experiments over periods of months was 26% and 1.3%, respectively. These severe drying conditions were used for measuring minimum critical crack-free sample thicknesses that are valid for drying in the range between 25% and 100% RH. The average equilibrium (ultimate) shrinkage strain of the samples at 26% RH was 5 mm/m and was measured over the sample thickness.
Series of samples were exposed immediately to the flowing air in the climate chamber and underwent shock drying (series shock-ss and shock-ds). Other series of samples were placed for 5 h in cylinders (h x Θ = 10 x 4.5 cm, with a 1.8 cm diameter top hole) inside the climate chamber to create stagnant air above these samples (series non-shock-ss and non-shock-ds). These samples were placed in the cylinders in the 95% RH room and were covered with lids until they were put in the climate chamber. The purpose of the latter experiment was to reduce the initial drying rate and avoid shock drying of these samples. After 5 h the cylinders were removed and the samples experienced the same drying condition as the shock drying samples. All single-sided samples dried from their bottom surfaces (i.e., the high density side).
A final series of samples was dried in the chamber of an Environmental Scanning Electron Microscope (ESEM) at 25% RH and 20 ± 0.2
• C for 5 h, enabling in situ monitoring of the evolution of was held constant at 20 ± 0.2 • C using a Peltier element. The water desiccation crack widths. The sample top surface temperature vapour pressures inside the chamber was set to 4.4 Torr (=590 Pa) to create 25% RH just above or at the sample surface. This experiment allowed to make a comparison between samples drying in ambient air (at ≈ 10 5 Pa) and at low pressure (590 Pa). Note that during so-called purging of the ESEM-chamber, i.e., replacing air by water vapour, the samples were very briefly exposed to a RH ¡ 5%. 
C. Crack pattern analysis
After 5 h or 2 months drying, the samples were impregnated with epoxy resin containing a fluorescent dye. The resin was poured over the drying surfaces and penetrated the cracks by capillary suction. Excess hardened resin was pealed off from the drying surface and the impregnated top layer (≈ 100µm) was removed by grinding on grit-1000 sand paper to make the cracks clearly stand out. Cracks with a depth of less than 100 µm therefore remained undetected in this study. The minimum impregnatable crack width lays below 0.5 µm. The crack-patterns on the drying surfaces were photographed in a dark room with fluorescent light and long exposure times using an 8 megapixel digital camera. Desiccation crack depths were measured on sample cross-sections. The impregnated samples were embedded in an Araldite adhesive, cut along their midplanes (Fig. 2) , and photographed in fluorescent light. The section crackpatterns were analysed as follows: First, the 3-cm sample images were all rescaled to the same resolution (500 pixels/cm). Then, the cracks were manually traced and processed to obtain binary images of skeletonised crackpatterns. The crack length was measured in Matlab as the length of a line going through the middle points of crack pixels. The final crack length was obtained by adding the thickness of the impregnated top layer that was removed before sectioning. Note that desiccation cracks are roughly perpendicular to the drying surface and that crack depth and crack length are similar measures. In this study crack lengths were measured from low-resolution crack traces, and thus are lower than (but linearly proportional to) true crack lengths that can be measured from e.g., high magnification SEM-images.
D. FEM analysis of drying process
Drying induced moisture distributions/gradients were calculated for selected samples by finite element modelling in Abaqus. Calculations are based on the analogy of moisture diffusion to heat transfer with a convective boundary layer [30] . Ficks second law for moisture diffusion can be written as:
following [31] . The moisture diffusion at the drying surface is considered as a convective boundary condition and reads: [30] , where ∂C/∂n is the moisture gradient at the surface with unit normal n; h m is the convective hygral transfer coefficient (or film coefficient); C s is the moisture content at the drying surface; C e is the moisture content of the far-field environment at 26% RH. The transfer coefficient h m under ambient conditions was taken to be 1 and 10 cm/day for the non-shock and shock experiments, respectively, based on values given for drying concrete [15, 30] . The fitting parameters a, b, and d in the diffusion coefficient equation (a = 0.1; b = 0.4; and d = 4) were obtained by assuming h m = 10 cm/day and fitting the parameters in D(C) to numerically obtain the measured total moisture loss of the 14 mm thick shock-ss sample drying for 2 months.
III. RESULTS
A. Moisture loss
The total moisture loss of the samples was recorded by measuring their weights before and after the experiment (at 26% RH and 20
• C). During the first 5 h of drying there was a significant effect of drying method, but a small effect of sample thickness on moisture loss (Fig. 3) . Samples drying in the ESEM lost about 1.4 times more water than the shock-ss samples in the climate chamber. The shock-ds-samples lost about 1.4 times more water than the non-shock-ds samples. The ds-samples lost about twice as much water as the ss-samples. As in a previous study [29] , no significant effect of desiccation microcracking on the drying rate has been observed in this study. In the ultimate state of drying, the moisture loss should be a simple linear function of the sample volume. The dashed line in Fig. 3 is a linear fit through all the data points for shock-ds samples with a thickness ≤ 8 mm. All ds-samples, with the exception of the 14 mm ones, appear to have reached the ultimate state of drying after 2 months, whereas for the ss-samples this was only the case for those thinner than 6 mm. The non-shock samples showed similar moisture loss values to the shock samples after 2 months drying (not plotted in Fig. 3) .
The samples lost approximately 60% of the free water content by drying to the ultimate state. The remaining 40% is absorbed to the internal pore surface of the material in equilibrium with 26%RH air at 20
• C. Approximately 25% of the initial water content in the mixture became chemically-bound by cement hydration.
B. Crack patterns on the drying surface
Typical desiccation crack-patterns as observed on the drying surface of the 3 x 3 cm samples are shown in Fig. 4 . On the photographs the cracks appear much wider than they are in reality because the fluorescent resin penetrated part of the material adjacent cracks, and pictures were taken using long exposure times. There exists a critical sample thickness for all drying methods below which samples remained crack-free upon drying. This thickness was around 2 mm for ds-and ESEM-ss samples, and 3-4 mm for ss-samples. Samples that dried in the ESEM showed much higher surface crack densities than those from the climate chamber at ambient pressure (Fig. 4) . The pattern geometry in ESEM -samples is characterised by many 120
• crack junction angles and more dead-end cracks (Fig. 4d) . Drying in the climate chamber produced more hierarchical fracture patterns with dominant 90
• /180
• crack junctions [32] . Further effects of sample thickness and drying method will be described on the basis of sample section measurements. Desiccation crack widths (on the drying surface) were measured in situ in the Environmental SEM and ex-situ in the impregnated samples that dried in the climate chamber. Desiccation cracks in the ESEM -samples were observed as soon as imaging was possible (4-5 min after closing the ESEM-chamber). The first observed crack widths are typically around 1 µm in samples with thicknesses of 3, 4, and 6 mm. The width evolution in the first 5 h of drying was different for different cracks in the same sample (Fig. 5) . Some cracks continuously opened and reached a width of 4 µm at the end of the 5 h experiment (Fig. 5a-c) . Other cracks reached their maximum crack width after approximately 1 h drying, and then started to close again ( Fig. 5d-e) . A few cracks continuously decreased in width during the 5 h experiment, possibly as a consequence of opening of other cracks.
The desiccation crack widths in samples that dried in the climate chamber were measured from the impregnated samples using SEM. The maximum crack width after 5 h drying in the shock-ss and shock-ds series was 6 µm in 14 mm thick samples. After 2 months drying the maximum crack width in 14 mm thick samples was 7 µm in shock-ss samples and 9 µm for shock-ds samples, and most of the visible cracks had widths well above 1 µm. Also in thinner samples, crack widths after 2 months were not smaller than those after 5 h drying.
C. Crack patterns on sample sections
Typical desiccation crack-patterns on sample cross-sections are shown in Fig. 6 . A general trend for all drying methods is that the average and maximum crack depth and the variation in crack depth increased with sample thickness. The ESEM -samples show a clear bimodal distribution of crack lengths for sample thicknesses ≤4mm (Fig.  7a) . In shock-ds samples the distribution widens and becomes more asymmetrical with increasing sample thickness, but no clear bimodal behaviour is observed in these samples (Fig. 7b) . Only cracks in the top halves of the shock-ds samples are plotted, because the depth of cracks in bottom halves was generally lower (Fig. 8) . The maximum crack depths in shock-ss samples ranged between 15% and 20% and in shock-ds samples between 20% and 35% of the sample thickness (Fig. 8) .
Total cumulative crack lengths on the 3 cm long sections are plotted in Fig. 9 . These total crack lengths or section crack densities are proportional to 3D crack densities by a factor 1/2π [28] . As mentioned before, there exists a critical sample thickness for each drying method below which the samples remained crack-free upon drying. Above the critical thickness, the section crack densities increase up to a sample thickness of 14 mm at which the curves for shock-ss and shock-ds samples merge. Drying rate had a significant effect on section crack densities. Samples that dried in the ESEM reached a crack density about twice as high as the most severely dried samples in the climate chamber after 5 h drying (Fig. 9a) . Decreasing the drying rate in the first 5 h (in non-shock samples), by placing them in a cylinder, had a strong effect on the crack density after 5 h (Fig. 9a) . This effect disappeared in subsequent drying for 2 months outside the cylinders (Fig. 9b) , meaning that cracking in these samples was simply delayed. Double-sided drying led consistently to higher section crack densities (per drying surface) compared to single-sided drying (Fig. 9) . Compaction of the mixtures resulted in a density gradient in the samples (Section 2.1) and this caused the crack densities in top halves to be significantly higher than in bottom halves of ds-samples (dashed lines in Fig. 9 ). Note that crack densities in bottom halves of ds-samples were always higher than in the corresponding ss-samples that also dried from the bottom surface.
The section crack densities after 2 months drying are lower (up to 25%) for the shock-ss and shock-ds than those after 5 h drying. The width of cracks on the drying surface was larger after 2 months drying (see Section 3.2), so it is unlikely that this result was due to complete closure of cracks in the ultimate state of drying. We explain this difference by variation between series of samples that dried not simultaneously and came from different cement paste batches.
IV. DISCUSSION
A. Effect of drying rate
Desiccation cracking in unconfined hardened cement paste samples is caused by the initial development of moisture and contraction gradients. In the studied samples (up to 14 mm thickness) most of the desiccation cracks formed in the first 5 h of drying (Fig. 9) . Using the acoustic emission technique it has been shown before that most desiccation cracks in cement paste appear in the first hour of drying under similar drying conditions [33] , even in unconfined samples with a thickness of 40 mm [34] . In order to better explain the experimental results, the development of the moisture gradient in the first 5 h of drying was simulated using finite element modelling (see Section 2.4.). This was done for the 6 mm thick samples that experienced shock drying in the climate chamber and in the ESEM-chamber. Drying of non-shock samples was also simulated and compared to interpolated experimental results obtained from 5 and 8 mm thick samples. In all simulations and experiments the conditions of the far-field were held the same at 26% RH and 20
• C. The only model parameters that were varied to simulate the experimental results were the diffusion coefficient D(C) and film or convective hygral transfer coefficient h m . The simulated moisture distributions are shown in Fig. 10 with free moisture content given in grams per volume unit of cement paste. The total free (non-chemically bound) moisture content was measured by completely drying samples at a 28 day age in an oven at 105
• C. The total moisture losses of the shock and non-shock samples after 5 h drying are reasonably well predicted if the film coefficient in the non-shock case is chosen to be a factor 10 smaller (Fig. 10) . The total moisture loss of the ESEM -samples could not predicted by just increasing the film coefficient. For example, for an arbitrarily high film coefficient of 100 m/day, the diffusion coefficient D(C) needed to be multiplied by a factor 2 to simulate the observed moisture loss (Fig. 10) . Both, the diffusion and film coefficient in ESEM-drying are expected to be higher than in drying under ambient conditions. The diffusion coefficient of water vapour in the ESEM-'vacuum' (at 590 Pa) is expected to be about 170 times larger than the one at atmospheric pressure in the climate chamber (≈ 10 5 Pa), since the diffusion coefficient of gasses is roughly inversely proportional to the gas pressure at constant temperature [35] . In the convection-free case with equal boundary layer (film) thickness, the film coefficient for ESEM-drying would thus be 170 times larger than for drying under ambient pressure. The higher diffusion coefficient of ESEM -samples can be explained by the gradual development of 'vacuum' inside the pores of the sample that increases the vapour transport and evaporation rate in the material compared to the ambient pressure case. The simulations in Fig. 10 show that the film coefficient not only determines the sample drying rate, but also the magnitude of the moisture gradient, if the moisture gradient is defined as the difference between maximum and minimum moisture content in the sample. For example, after 30 min and 5 h drying, the moisture gradient in the shock case is a factor 1.6 and 1.2 larger, respectively, than the one in the non-shock case (Fig. 10c) . The ESEM -samples are predicted to reach the maximum moisture gradient in the first minutes of drying. In the first hour of drying, when most desiccation cracks develop [33, 34] , and especially at the onset of drying, large differences in moisture gradient magnitude probably existed in the non-shock, shock, and ESEM -samples. This qualitatively explains the differences in the degree of desiccation cracking in these samples after 5 h drying (Fig. 9a) . The quantitative relationship between moisture gradient magnitude and degree of cracking needs to be studied in hygro-mechanical models including formulations for the relationships between (i) moisture gradient and shrinkage gradient; (ii) shrinkage gradient and stress gradient; (iii) stress and creep; and (iv) stress and cracking. In this paper we show that choice of the convective boundary condition in hygro-mechanical models is expected to be important. In this study, a 10 times larger film coefficient seems to have caused a 2-6 times larger desiccation crack density at ambient conditions with equal relative humidity (Fig. 9a) .
B. Effect of sample warping and thickness
The degree of desiccation cracking in unconfined samples does not only depend on how the moisture/contraction gradient develops, it also depends on the capability of the samples to respond to the contraction gradient by warping. Warping is macroscopic curving of samples that dry single-sided and it reduces drying-induced stresses compared to equal samples that are not allowed to warp. While it is likely that the maximum sample warping occurs much later than crack-initiation/formation, we do suspect an initial warping effect on desiccation cracking in this study. This effect emerges when desiccation cracking in single-sided and double sided drying samples are compared. Thin samples drying from two opposed sides (shock-ds and non-shock-ds) showed significantly more and deeper cracking than corresponding ss-samples (Figs. 8 and 9 ) and we explain this result by the 'obstruction' of initial warping in ds-samples.
Three possible reasons for the observed effect of sample thickness on desiccation cracking are as follows: (i) An effect of sample thickness on the initial moisture gradient. This effect is important in the range of sample thicknesses, in which the initial moisture gradient required to initiate cracking, stretches over a depth that approaches the sample thickness. This could be the main reason why there exists a critical sample thickness for all drying methods below which no desiccation cracking occurs (Fig. 9). (ii) Thinner ss-samples probably undergo larger initial warping and thus developed lower surface stresses and therefore less cracking. This warping effect is probably responsible for the critical crack-free sample thickness of ds-samples being lower than the one for the ss samples (Fig. 9) . (iii) The amount of post-critical crack growth, as will be explained in Section 4.3, increases with sample thickness.
C. Analysis of crack depth distributions
A distinctive feature of shrinkage crack-patterns due to global contraction gradients is the variation of crack depths, i.e., undulations of the front formed by the crack tips [19] [20] [21] [22] [23] [24] [25] [26] [27] . At the onset of drying or cooling, an initial system of parallel cracks with a specific spacing and depth is formed. The growth of equally long cracks continuous until a critical point is reached where the stress field of adjacent cracks starts to significantly interact. From this point onwards only every second crack continues to grow since intermediate cracks become 'shielded' by their neighbours, and they eventually close [19] [20] [21] [22] [23] [24] [25] . This process may repeat itself a number of times and results, in the theoretical 2-dimensional case, in a crack-pattern as shown in Fig. 11 . Note that Fig. 11 depicts a simplified geometrical representation of the above-mentioned crack spacing doubling models, and is not based on hygro-mechanical calculations. The maximum crack depth in unconfined samples has been reported to depend primarily on the ratio between the free shrinkage strain es and the failure strain in tension ε f [17] . The crack depth distribution diagram of the ESEM -samples clearly shows two peaks for samples ≥4mm (Fig. 7a) , and this is consistent with the model described above. The crack-patterns in Fig. 6a-c are, however, much less regular than the theoretical 2D model because they are sections of 3D crack-patterns. Samples dried in the climate chamber showed an increased variation in crack depth with sample thickness, but in no single sample a clear crack doubling process can be observed (Fig. 6a-f ). This probably is due to the small size of these samples leading to a low number of cracks. Also sectioning effects and natural (Gaussian) variation in crack populations, contribute to crack-patterns in which a doubling process may not be directly obvious.
It is predicted that short intermediate cracks close as a consequence of opening of the adjacent deeper cracks [20, 21] . In the ultimate state of drying, the shrinkage gradients disappear and all cracks are expected to close [9] . In the ESEM experiments some cracks decreased in width at the start of drying (Fig. 5d-f) , and this is consistent with theoretical predictions. However, the crack widths observed after 2 months drying were not smaller than after 5 h drying, even in samples that dried completely. This could have been caused by permanent, non-uniform creep deformation of the samples under a contraction gradient.
We will now estimate geometrical crack-pattern characteristics from the average behaviour of many samples. These values are helpful for tuning the models in the above-mentioned references to hardened cement paste. For the ESEMsamples the position of the first peak in Fig. 7a occurs at a crack length of 0.38 mmfor samples with 3, 4 or 6 mm thickness. This shows that the depth of the initial set of cracks was unaffected by sample thickness. The average crack spacing is 1.96, 1.26, and 1.23 mm for ESEM -samples with 3, 4, and 6 mm thickness, respectively. The significantly higher value for the 3 mm samples is probably due to their larger warping potential as discussed earlier. The depth to spacing ratio of the initial set of cracks (Z 1 /X 1 ) for the 4 and 6 mm ESEM -samples are thus 0.30 and 0.31, respectively. The position of the second peak occurs at a mean crack depth of 1.13 mm in 6 mm samples. By assuming that the spacing doubles for the second set of cracks, a lower bound estimate of depth to spacing ratio (Z 2 /X 2 ) of 0.46 for ESEM -samples is obtained. The same estimate is made for crack-patterns in shock-ds samples that do not warp and show a relative high number of cracks. Because of the gradient density in the samples only the crack-patterns in the sample top halves are considered. The depth of the initial crack set (Z 1 ) was measured in 4 mm thick samples. These are the thickest samples with a symmetrical (Gaussian) distribution of crack depths. In thicker samples the crack depth distributions become wider and more asymmetrical due to bifurcation of the crack patterns (Fig. 7b) . The mean crack depth in these samples was 0.79 and 0.95 mm after 5 h and 2 months drying, respectively. With average crack spacings of 2.61 and 3.21 mm, respectively, an average ratio Z 1 /X 1 of 0.30 for all 4 mm thick shock-ds samples is obtained.
It is not possible to give a reliable lower bound estimate of the ratio Z 2 /X 2 for shock-ds samples because of a too low number of second generation cracks in these samples. Studying wider and thicker (ss or ds) samples will probably improve statistics and yield crack depth distribution diagrams with clearer, multiple peaks. However, the formation of residual thermal stresses by the cement hydration process becomes more important in larger specimens and these stresses may affect crack depth distributions, especially in young samples [11] .
D. Crack-free drying
A motivation for this study was to find a method to reduce or avoid desiccation cracking during drying of small hardened cement paste samples. Dried, crack-free samples are needed to measure the effect of moisture content or relative humidity on the mechanical properties, such as strength, elasticity, creep and pure drying shrinkage of hardened cement paste. Samples up to 3 mm thickness can be dried crack-free down to 26% relative humidity (under atmospheric pressure) if they are dried from a single side. The critical crack-free sample thickness can probably be increased by reducing the drying rate. This can be achieved by reducing the velocity of air flow past the sample surface or by applying a stepwise drying procedure. However, avoiding cracking in thicker samples by slower drying may not be practical because of drying times in the order of many months or even years [10] . Reducing just the initial drying rate to avoid the development of large contraction gradients at the onset of drying was not a successful method in this study: i.e., the non-shock samples showed equal crack densities as the shock samples in the ultimate state of drying. Perhaps this method works if the initial drying rate is not reduced for 5 h but rather for a number of days. Finally, a way to obtain crack-free samples is to dry the samples under compressive load as proposed or observed before [10, 11, 18] .
V. CONCLUSIONS
• The depth of desiccation cracks scaled roughly with sample thickness in unconfined samples of hardened cement paste. For sample thicknesses ¡ 14 mm, single-sided drying lead to significantly lower crack depths (15-20% of thickness) than double-sided drying (20-35% of thickness). The difference is explained by the capability of single-sided samples to respond to contraction gradients by warping.
• Drying rate and single-sided vs. double-sided drying had an important effect on the critical crack-free sample thickness. Whatever the drying method, cement paste samples thinner than 2 mm are unlikely to crack upon shock drying at relative humidities above 25%.
• Desiccation cracking in unconfined hardened cement paste samples occurs at the onset of drying. Hardened cement paste samples taken out of curing water in a dry room will very quickly develop desiccation microcracks.
• Crack spacing doubling models seem to apply for desiccation cracking in cement paste. The ratio between crack depth and crack spacing for first set cracks was 0.30, and for second set cracks at least 0.46.
